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Skeletal muscle is vital to life as it provides the mechanical power for locomotion, posture
and breathing. Beyond these vital functions, skeletal muscle also plays an essential
role in the regulation of whole body metabolism, e.g., glucose homeostasis. Although
progressive loss of muscle mass with age seems unavoidable, it is critical for older
people to keep the highest mass as possible. It is clear that the origin of sarcopenia
is multifactorial but, in the present review, it was deliberately chosen to evaluate the
likely contribution of one specific cellular stress, namely the endoplasmic reticulum
(ER) stress. It is proposed that ER stress can: (1) directly impact muscle mass as one
fate of prolonged and unresolved ER stress is cell death and; (2) indirectly create a
state of anabolic resistance by inhibiting the mammalian target of rapamycin complex
1 (mTORC1) pathway. With age, many of the key components of the unfolded protein
response, such as the chaperones and enzymes, display reduced expression and activity
resulting in a dysfunctional ER, accelerating the rate of proteins discarded via the ER-
associated degradation. In addition, ER stress can block the mTORC1 pathway which is
essential in the response to the anabolic stimulus of nutrients and contractile activity
thereby participating to the well-known anabolic resistance state in skeletal muscle
during ageing. As exercise increases the expression of several chaperones, it could
anticipate or restore the loss of unfolded protein response components with age and
thereby reduce the level of ER stress. This hypothesis has not been tested yet but it
could be a new mechanism behind the beneficial effects of exercise in the elderly not
only for the preservation of muscle mass but also for the regulation of whole body
metabolism.
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INTRODUCTION
Skeletal muscle is vital to life as it provides the mechanical power
for locomotion, posture and breathing. Beyond these vital func-
tions, skeletal muscle also plays an essential role in the regulation
of whole body metabolism, e.g., glucose homeostasis. Although
progressive loss of muscle mass with age seems unavoidable, it
is critical for older people to keep the highest mass as possi-
ble. This loss of muscle mass, also called sarcopenia, becomes
increasingly important at a socio-economically point of view due
to the augmenting proportion of elderly in the contemporary
society (Janssen and Ross, 2005). A reduction of skeletal muscle
tissue reduces the ability of the organism to cope with chang-
ing metabolic demands and leads to and/or reinforces patholo-
gies such as diabetes or obesity. Prevalence figures vary from
roughly 7% to 70% of elderly suffering from sarcopenia, depend-
ing on age, sex, health status, comorbid conditions and others
(Malafarina et al., 2012). The rate of skeletal muscle loss is esti-
mated at 8% per decade from the 4th until 7th decade, and after
70 years, muscle loss would occur at a speed of 15% per decade.
Loss of strength is estimated to be even larger (Malafarina et al.,
2012). Counteracting sarcopenia and consequently increasing the
independence of our elderly population is one of the major
challenges at the moment.
SARCOPENIA AND ANABOLIC RESISTANCE
The term sarcopenia was first proposed in 1989 by Irwin
Rosenberg and is derived from the Greek “sarx,” meaning flesh
and “penia,” meaning loss (Rosenberg, 1989). Originally, sarcope-
nia referred thus to the loss of musclemass associated with ageing.
Since then, the significance of this term has been extended to the
age-related loss of muscle strength as well. The skeletal muscle
mass index (SMI) allows the quantification of the level of sar-
copenia (Baumgartner et al., 1998). It is obtained by dividing
appendicular skeletal musclemass (ASM), evaluated by DEXA, by
body height squared (ASM/height2). According to this definition,
individuals presenting an ASM/height2 ratio between −1 and −2
standard deviations of the gender-specific mean value of young
adults are categorized as having class I sarcopenia. Individuals
with an ASM/height2 ratio below −2 standard deviations are cat-
egorized as having class II sarcopenia. Another definition of sar-
copenia uses a percentage of the skeletal muscle index (SMI% =
total muscle mass/body mass × 100) (Janssen et al., 2002). Other
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strategies have also been used to develop cut-points to distinguish
between sarcopenic older adults and older adults with a relatively
healthy muscle mass (Janssen and Ross, 2005).
The etiology of sarcopenia is rather complex since it involves
non exhaustively: (1) alterations of the central and peripheral
nervous system: α-motoneuron degeneration and muscle fiber
denervation; (2) changes in hormones levels: decrease in testos-
terone, androgens, estrogens, growth hormone, insulin-like
growth factor I and increase in myostatin; (3) nutritional factors:
anorexia of ageing, vitamin D deficiency; (4) the immunologi-
cal system: decrease in interleukin-1β, interleukin-6 and tumor
necrosis factor levels; (5) skeletal muscle redox status: increased
reactive oxygen species production, altered mitochondrial func-
tion and increased oxidative stress and; (6) a decrease in physical
activity (Meng and Yu, 2010; Narici andMaffulli, 2010). Although
the individual contribution of each factor is very difficult to estab-
lish, it may be generally stated that sarcopenia results from a
mismatch between protein synthesis and protein degradation.
In humans, basal protein synthesis and breakdown have been
found to be unaffected or only slightly modified with ageing
(Welle et al., 1995; Balagopal et al., 1997; Volpi and Rasmussen,
2000; Volpi et al., 2001; Cuthbertson et al., 2005). However,
differences in protein synthesis between young and older indi-
viduals do exist in response to feeding and exercise, with older
people showing a blunted response to anabolic stimuli. This
phenomenon has been called anabolic resistance and seems to
hold a major role in the development of sarcopenia (Rennie,
2009; Rennie et al., 2010; Breen and Phillips, 2013). Compared
to young controls, older people show a lower increase in mus-
cle protein synthesis in response to amino acid feeding under
insulin clamping and to an acute bout of exercise (Cuthbertson
et al., 2006). Likewise, despite the absence of differences in
breakdown in the basal state, important differences have been
recently discovered in response to feeding. The inhibition of
proteolysis by insulin in response to feeding and activation of
anabolic signaling pathway are blunted in older individuals com-
pared with young adults (Wilkes et al., 2009). At a molecular
point of view, the protein kinase B (PKB)/mammalian target
of rapamycin complex 1 (mTORC1) pathway shows a blunted
increase in phosphorylation after a meal in old compared with
young people.
Whereas the origin of sarcopenia is obviously multifactorial,
in the present review, it was deliberately chosen to evaluate the
likely contribution of one specific cellular stress, namely the endo-
plasmic reticulum (ER) stress (Figure 1). It is proposed that ER
stress can: (1) directly impact muscle mass as one fate of pro-
longed and unresolved ER stress is cell death and; (2) indirectly
create a state of anabolic resistance by inhibiting the mTORC1
pathway.
ENDOPLASMIC RETICULUM STRESS
The ER is a membrane-bound cell organelle responsible for the
folding, processing and trafficking to the cell surface of all secre-
tory and integral membrane proteins. It is also a critical site
for the quality control of proteins, calcium homeostasis and
cholesterol and lipid biosynthesis. It contains a netlike membra-
nous network that extends throughout the cytoplasm and can be
FIGURE 1 | Hypothetical model for the involvement of ER stress in the
decreased muscle mass observed with age. ? means untested relation.
connected with the nuclear membrane. It can therefore sense and
transmit signals that originate in any cellular subcompartment
(Kaufman et al., 2002). Protein maturation, folding and traffick-
ing is of a huge strategical importance to cellular functioning and
disturbances in ER homeostasis can impair its functioning. As a
non exhaustive list, viral infection (Isler et al., 2005), abnormal
calcium regulation (Pyrko et al., 2007), various mutations (Chen
et al., 2013) as well as high-fat feeding (Deldicque et al., 2010)
have all been found to disrupt ER homeostasis, thereby creating
ER stress. These perturbations can lead to the accumulation of
unfolded proteins and protein aggregates in the lumen of the ER
which can be injurious to the cell. In a non-pathological situa-
tion cells ensure correct protein folding using a combination of
molecular chaperones, foldases, and lectins. When these fail to
restore the protein to its biological active structure the incorrectly
processed proteins are targeted to the ER associated degrada-
tion (ERAD) or to degradation by autophagy (Kaufman et al.,
2002; Ishida and Nagata, 2009; Verfaillie et al., 2010). Continued
accumulation of incorrectly folded proteins can also trigger the
unfolded protein response.
The unfolded protein response is a signaling pathway primar-
ily aiming to protect the cellular integrity by restoring ER folding
capacity by chaperone induction, attenuating protein transla-
tion, and degrading misfolded proteins (Wu and Kaufman, 2006;
Chakrabarti et al., 2011). The unfolded protein response is com-
posed of three main branches, each of them being activated by a
specific stress transducer: protein kinase R-like ER protein kinase
(PERK), activating transcription factor 6 (ATF6) and inositol-
requiring enzyme 1 alpha (IRE1α). These stress transducers have
a ER-luminal part that sense the protein-folding environment,
and a cytoplasmic part that interact with the transcriptional
and/or translational apparatus (Ron and Walter, 2007). In the
basal state, they are all associated with the chaperone BiP also
called glucose-regulated protein 78 (GRP78). Upon accumulation
of unfolded/misfolded proteins each transducer can disassociate
from BiP, which results in their activation (Gething, 1999). ATF6
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and PERK are thought to be activated before IRE1α, consis-
tent with the signals these effectors are transducing. The former
two mainly promote ER adaptational responses to folding errors
and the latter has a more dual role consisting of transmitting
both survival and pro-apoptotic signals (Chakrabarti et al.,
2011). For detailed description of the unfolded protein response,
the reader is referred to the following reviews: Schroder and
Kaufman (2005); Wu and Kaufman (2006); Ron and Walter
(2007); Chakrabarti et al. (2011); Walter and Ron (2011); Maurel
and Chevet (2013).
When ER stress becomes chronic and the capacity of the
unfolded protein response to face this stress is exceeded, inflam-
matory processes will be activated (Zhang and Kaufman, 2008a).
ER stress-induced inflammation is mainly mediated by Jun NH2-
terminal kinase (JNK) and nuclear factor-kappa B (NF-κB).
JNK activation, which occurs through IRE1α-dependent signal-
ing, induces the expression of inflammatory genes by phos-
phorylating AP1 (transcription activator protein1) (Zhang and
Kaufman, 2008a). NF-κB-dependent transcription is increased
by two ways during ER stress. First, the level of the inhibitor
of NF-κB (IκB), which has a shorter half-life than NF-κB, is
reduced when protein translation is attenuated thereby chang-
ing the stoichiometric ratio of NF-κB:IκB, freeing NF-κB from
its inhibitor and allowing NF-κB to translocate to to the nucleus.
Secondly, the IRE1α-tumor necrosis factor receptor associated
factor 2 (TRAF2) complex recruits IκB kinase (IKK) that phos-
phorylates IκB and leads to its degradation (Hu et al., 2006;
Zhang and Kaufman, 2008a), thereby activating the inflammatory
response.
ENDOPLASMIC RETICULUM STRESS, APOPTOSIS, AND CELL
DEATH
Ultimately, uncontrolled and excessive ER stress will lead to apop-
tosis and cell death (Ron and Walter, 2007; Zhang and Kaufman,
2008b). Initially, Schroder and Kaufman (2005) distinguished two
different mechanisms by which ER stress induces apoptosis: the
intrinsic and the extrinsic pathways. According to these authors,
the intrinsic pathway responds to intracellular insults, e.g., DNA
damage, whereas the extrinsic pathway responds to extracellular
stimuli and is triggered by self-association of cell surface recep-
tors, recruitment of caspases, mainly caspase-8, and initiation of
a caspase cascade. Since then, additional mechanisms have been
discovered and involve, amongst others, IRE1α, regulated IRE1-
dependent decay of mRNAs (RIDD), C/EBP homologous protein
(CHOP) also known as growth arrest and DNA damage 153
(GADD 153), the Bcl-2 family members (Bak/Bax), caspase-12
and JNK (Logue et al., 2013) (Figure 2).
IRE1α
Thanks to its RNase activity, IRE1α can splice a 26 nucleotide
intron from X-binding protein 1 (XBP1) mRNA generating a
transcription factor called spliced XBP1 (XBP1s) (Yoshida et al.,
2001). XBP1s has a diverse range of target genes which share the
common aim of short term adaptation and ultimately restora-
tion of ER function. Recent reports also suggest XBP1s signaling
may be able to modulate apoptotic signaling by regulating Bcl-2
levels (Gomez et al., 2007; Kurata et al., 2011) but it remains
FIGURE 2 | Regulation of prosurvival and apoptotic pathways by ER
stress. Cells cope with ER stress by activating the unfolded protein
response. This response is mediated via the dissociation of BiP from three
ER transmembrane proteins IRE1α, PERK, and ATF6. Following dissociation
of BiP, IRE1α becomes activated and induces splicing of XBP1 mRNA to
XBP1s. IRE1α also activates JNK via TRAF2 and ASK1. Furthermore,
activation of IRE1α has been linked to downstream NF-κB activation and
RIDD, which can lead to the degradation of prosurvival mRNA. Finally,
IRE1α controls the activation of the caspases signaling pathway. Like
IRE1α, PERK becomes activated following BiP dissociation. Active PERK
mediates its response via phosphorylation of eIF2α leading to a
translational block and cap independent translation of ATF4. ATF4 induces
CHOP which has multiple downstream targets that stimulate apoptosis and
cell death. Following BiP dissociation, ATF6 is transported to the Golgi
where it is cleaved into an active transcription factor. ATF6 regulates the
expression of several genes involved in the unfolded protein response such
as XBP1, CHOP, BiP, PDI, and EDEM1.
currently unknown whether XBP1s can modulate Bcl-2 family
member expression in response to ER stress. Overexpression of
IRE1α in human embryonic kidney cells has been reported to
induce death indicating that IRE1α could activate pro-apoptotic
signaling components (Wang et al., 1998). Indeed the recruit-
ment of TRAF2 to IRE1α has been linked to several pro-apoptotic
pathways the most well defined being the IRE1α-TRAF2-JNK axis
(Urano et al., 2000). This axis can thus either trigger inflam-
mation by activating AP-1 (Zhang and Kaufman, 2008a) or cell
death bymodulating Bcl-2 familymembers function (Logue et al.,
2013).
RIDD
The RNase activity of IRE1α has recently been linked to a pro-
cess referred to as regulated IRE1α-dependent decay of mRNAs
(RIDD) (Hollien and Weissman, 2006; Han et al., 2009). While
this process is reliant upon IRE1α RNase activity it is distinct
from XBP1 splicing and is reported to selectively target and
degrade mRNAs encoding secretory proteins involved in protein
folding within the ER (Logue et al., 2013). Initial activation of
RIDD would be expected to aid cell survival by reducing the pro-
tein load on the ER. However, prolonged RIDD signaling has
been reported to correlate with increased apoptosis (Han et al.,
2009). The switch between anti-apoptotic XBP1s signaling and
pro-apoptotic RIDDmay be dependent upon the conformational
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state of IRE1α (Han et al., 2009). IRE1α-mediated RIDD acti-
vation has only been recently discovered and further studies are
required to identify RIDD targets and themechanisms controlling
its activation.
CHOP
CHOP upregulation is a common point of convergence for all
3 arms of the unfolded protein response with binding sites for
ATF6, ATF4, and XBP1s present within its promoter (Logue et al.,
2013). CHOP signaling is thought to mediate cell death signaling
by firstly altering the transcription of genes involved in apopto-
sis and oxidative stress and secondly by relieving PERK-mediated
translational inhibition, thereby enhancing the translation of pro-
apoptotic proteins (Oyadomari and Mori, 2004). Transcriptional
targets of CHOP include BH3-only members of the Bcl-2 family
(and more particularly Bim, Puma, and Noxa), ER oxidoreductin
1 alpha (ERO1α) and tibbles-related protein 3 (TRB3), all being
able to regulate cell death (Logue et al., 2013). The combina-
tion of increased BH3-only protein expression and repression
of anti-apoptotic proteins such as Bcl-2 shifts the balance in
favor of apoptosis permitting Bax-Bak homo-oligomerization
and mitochondrial outer membrane permeabilization causing
cytochrome c release and subsequent apoptosome formation.
Overexpression of Bcl-2 reduces the loss of mitochondrial mem-
brane potential and protects cells against ER stress underscor-
ing the importance of mitochondrial mediated signals in the
propagation of ER stress-induced apoptosis (Heath-Engel et al.,
2008).
CASPASES
The caspase family of cysteine proteases is a key mediator of
programmed cell death (Thornberry, 1998). Murine caspase-12
(caspase-4 in human) is an initiator caspase and a central player
in ER-induced apoptosis (Szegezdi et al., 2006). Once activated,
caspase-12 translocates from the ER to the cytosol where it cleaves
caspase-9, which in turn induces the cleavage of the executioner
caspase, caspase-3, in a cytochrome c-independent manner, and
activation of the rest of the apoptotic pathway.
microRNAs
The regulation of ER stress-induced death pathways by microR-
NAs is a recent area of research with studies indicating miRNAs
can either directly modulate the ER stress response or themselves
be regulated by ER stress (Logue et al., 2013). For example, in
hepatocellular carcinoma cells, miR-122 overexpression down-
regulated ER stress responses (Yang et al., 2011) whereas ER
stress-mediated downregulation of miR-221/222 was associated
with resistance to cell death (Dai et al., 2010). Direct regu-
lation of miRNA expression by ER stress sensors, particularly
PERK, has been reported and may regulate the subtle balance
that exists between pro-and anti-apoptotic signaling during ER
stress. PERK-mediated induction of miR-30c-2∗ has been linked
to a decrease in XBP1 mRNA reducing pro-survival signaling
and favoring cell death (Byrd et al., 2012). In the same way,
PERK-mediated repression of miR-106b-25 has been reported
to result in increased Bim expression, which is essential for ER
stress-induced apoptosis, and apoptosis itself (Gupta et al., 2012).
Conversely, miR-211 was identified to be a PERK target and to
repress CHOP expression on a short-term, thereby supporting a
pro-survival response. Upon sustained ER stress, miR-211 expres-
sion was silenced, permitting CHOP accumulation and induction
of the pro-apoptotic response (Chitnis et al., 2012). All together,
these results suggest that miRNA regulation help shift the balance
between survival and cell death during ER stress (Logue et al.,
2013).
ENDOPLASMIC RETICULUM STRESS AND AGEING
The ageing process contains lots of characteristics indicat-
ing that ER stress could be activated, e.g., increased oxidative
stress and accumulation of harmful protein modifications, mis-
folding and aggregation of proteins, disturbances in calcium
homeostasis and impairment in global protein synthesis (Finkel
and Holbrook, 2000; Tavernarakis, 2008; Puzianowska-Kuznicka
and Kuznicki, 2009). In addition, the protein cleansing system
becomes impaired during ageing due to the decline in autophagic
and proteasomal degradation (Vernace et al., 2007; Salminen
et al., 2011). All these age-related changes imply that the effi-
cient function of protein quality systems is compromised during
ageing. The capital role of ER stress in many ageing-related neu-
rodegenerative diseases such as Parkinson’s disease, amyothrophic
lateral sclerosis and Alzheimer disease, witnesses the importance
of the ER during ageing. But not only is the brain affected
by ER stress during ageing, the efficiency of the unfolded pro-
tein response has also been found to be reduced in the liver,
the lung, and the heart. Those changes in the unfolded pro-
tein response with age are presented and discussed in details
in (Naidoo, 2009a,b; Salminen and Kaarniranta, 2010; Brown
and Naidoo, 2012). In the next paragraphs the most impor-
tant alterations in the unfolded protein response with age are
summarized.
DECREASE IN CHAPERONES CONTENT
Recent reports have indicated that ER stress increases during the
lifespan (Naidoo, 2009b). Key components of the unfolded pro-
tein response display reduced expression and activity with age
resulting in a decreased ability to cope with ER stress (Ogata
et al., 2009). ER chaperones and folding enzymes are crucial
to correctly fold proteins. This is of vital importance for the
biological function and cellular survival of the proteins. Key
chaperones and folding enzymes include BiP, 94 kDa glucose-
regulated protein (GRP94), lectins such as calnexin and calreti-
culin, thiol-disulfide oxidoreductases such as protein disulfide
isomerase (PDI), also known as ER resident protein 58 (ERp58),
and ERp57.
BiP/GRP78
As described previously, BiP concentration in the lumen of the ER
is crucial for correct protein folding (Gething, 1999). However
BiP expression decreases during the lifespan in murine brain
(Paz Gavilan et al., 2006; Hussain and Ramaiah, 2007) and liver
(Erickson et al., 2006; Hussain and Ramaiah, 2007; Nuss et al.,
2008).
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Lectins
Calnexin and calreticulin are proteins responsible for
glycoprotein quality control in the ER. Calnexin is a trans-
membrane protein and calreticulin is the soluble luminal
homolog. Both have been found to decline with age (Naidoo,
2009b; Ogata et al., 2009). In aged rat liver (Erickson et al., 2006)
and hippocampus (Paz Gavilan et al., 2006), calnexin expression
is downregulated by about one third. A decrease in calnexin
expression has been suggested to sensitize cells to apoptosis
through accumulation of GD3, a ganglioside acting like an
apoptotic mediator (Tomassini et al., 2004). Accumulation and
translocation of GD3 to the mitochondria induces caspases acti-
vation, release of apoptotic factors, and disturbs its membrane
potential (Garcia-Ruiz et al., 2000).
Protein disulfide isomerase
PDI catalyzes native disulfide bond formation and its expres-
sion has been found to be reduced by about 50% in the hip-
pocampus of old compared to young rats (Paz Gavilan et al.,
2006). Another study in rat liver reported a similar decrease
of ERp55 and ERp57 protein expression, which are PDI-related
proteins that protect the cell from oxidative injury (Erickson
et al., 2006). In addition, BiP, PDI, and calreticulin are affected
by reactive oxygen species and this damage is associated with
a reduced enzyme activity (Nuss et al., 2008). The progres-
sive oxidation of ER chaperones forms probably an important
change affecting the unfolded protein response with age (Naidoo,
2009a).
INCREASE IN PRO-APOPTOTIC MARKERS
Another important change with age is an increase in pro-
apoptotic markers in case of ER stress (Naidoo, 2009a; Torres-
Gonzalez et al., 2012). An increased level of CHOP has been
found in aged mouse cortex (Naidoo et al., 2008) as well as in
aged rat hippocampus, cortex, cerebellum, lung, liver, kidney,
heart, and spleen (Paz Gavilan et al., 2006; Hussain and Ramaiah,
2007). A decrease in CHOP has important consequences since it
mediates apoptosis in response to ER stress and elevated CHOP
sensitizes cells to oxidative insults (Ikeyama et al., 2003). Elevated
CHOP levels could form an explanation for the increased sen-
sitivity to oxidative damage with age described earlier. Next to
increased expression of CHOP, ageing is accompanied with an
increased activity of caspases (Naidoo, 2009b). The latter’s play a
central role in programmed cell death by participating in a cas-
cade triggered by pro-apoptotic signals that culminates in the
cleavage of targeted proteins. This cascade ultimately leads to
disassembly of the cell (Thornberry, 1998). In aged rat hippocam-
pus, caspase-12 is activated in response to ER stress but not in
young animals (Paz Gavilan et al., 2006). The same results were
obtained in mice cerebral cortex while sleep deprivation-induced
ER stress was investigated (Naidoo et al., 2008). Finally phos-
phorylation of JNK is increased with age (Hussain and Ramaiah,
2007), which results in a higher apoptotic rate due to, amongst
others, inhibition of the anti-apoptotic Bcl-2 and activation of the
translocation of Bax to the mitochondrial membrane (Gao et al.,
2005).
ENDOPLASMIC RETICULUM STRESS IN SKELETAL MUSCLE
ER stress has been widely studied in pancreatic islets, liver, and
adipose tissue. Despite the fact that skeletal muscle is primarily
responsible for glucose disposal and therefore intimately related
to disease states like diabetes and obesity, this tissue has been
neglected and much less information exists about ER stress in
skeletal muscle in comparison with the other metabolic organs
(see Deldicque et al., 2012 for a review on the topic). Even though
it has a restricted secretory function, skeletal muscle is interesting
with respect to the unfolded protein response because it contains
an extremely extensive network of specialized ER called the sar-
coplasmic reticulum. Since it is essential to maintain the optimal
calcium concentration in the lumen of the sarcoplasmic reticulum
for the regulated release of calcium from sarcoplasmic reticulum
during contraction in skeletal muscle, any disturbance in the ER
could impair muscle contraction (Deldicque et al., 2012).
In skeletal muscle, ER stress was initially observed in
myopathies, such as myotonic dystrophy Type 1 (Ikezoe et al.,
2007) and inclusion body myositis (Nogalska et al., 2006).
Nowadays evidence supporting the existence of ER stress in non-
pathological skeletal muscle is accumulating (Deldicque et al.,
2012). As in other organs, ER stress in skeletal muscle can be
caused by several nutritional insults, such as imbalance in glu-
cose concentrations or high-fat feeding. High glucose incubation
in vitro (Srinivasan et al., 2009) as well as high fat intake in vivo
(Deldicque et al., 2010, 2013) activated the unfolded protein
response in skeletal muscle cells. However, increasing energy
intake by increased fat ingestion did not result in an activa-
tion of the unfolded protein response in human skeletal muscle
(Deldicque et al., 2011). Neither was the case in skeletal mus-
cle of fasted rats for up to 3 days (Ogata et al., 2010). More
andmore evidence accumulate showing that the unfolded protein
response is activated by contractile activity and inactivity in skele-
tal muscle. Exhaustive endurance exercise activates the unfolded
protein response in mice (Wu et al., 2011) and human skele-
tal muscle (Kim et al., 2011). Immobility triggers the unfolded
protein response in humans as well (Alibegovic et al., 2010),
indicating that extremely low or high level of contractile activity
activates ER stress and the unfolded protein response. Not sur-
prisingly, repeated bouts of moderate endurance exercise seem
rather protective against subsequent ER stress as this kind of exer-
cise training increases the expression of several chaperones in
high-fat fed mice (Deldicque et al., 2013).
AGEING ALTERS THE UNFOLDED PROTEIN RESPONSE IN
SKELETAL MUSCLE
With age, many of the key components of the unfolded protein
response such as the chaperones and enzymes display reduced
expression and activity resulting in a dysfunctional ER and the
development of cellular stress (Naidoo, 2009a). As mentioned
above, ER stress has been implicated in many ageing related
neurodegenerative diseases but does it specifically impact skeletal
muscle during ageing? The number of studies dealing with ER
stress and/or the unfolded protein response in skeletal muscle
during ageing is very scarce. In skeletal muscle of 32-month-old
rats, the expression of specific chaperones such as ERp29, HSP70,
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and calreticulin was decreased compared to 6-month-old rats
while at the same time ER stress and apoptosis markers were
increased (Ogata et al., 2009). In another study looking at the
effect of denervation and ageing, CHOP protein expression
and XBP1s mRNA level were much higher whereas BiP protein
expression was halved in aged rats compared to young controls
(O’Leary et al., 2013). In response to denervation, CHOP and
XBP1s expressions increased in both groups but the level reached
in young animals was still below that of old animals. Although
data in old skeletal muscle are limited, those first observations
confirm the results obtained in other tissues, e.g., a decrease
in chaperones content and an increase in apoptosis markers
with age.
To the best of my knowledge, there is no report dealing with
ER stress and/or the unfolded protein response during ageing in
human skeletal muscle. However it would not be surprising to
find a decreased capacity to face ER stress. Ageing is often accom-
panied with a high caloric nutrients intake coupled to a reduced
physical activity, a reduced insulin sensitivity and a decreased
capacity of the oxidative metabolism, all known to be exacerbated
by ER stress and to affect skeletal muscle to a large extend.
DOES ENDOPLASMIC RETICULUM STRESS INDUCE
ANABOLIC RESISTANCE THEREBY EXACERBATING
SARCOPENIA?
As described above, a major cause of the reduction in muscle
mass with ageing is anabolic resistance, which is defined as a
blunted response to hypertrophic stimuli such as exercise and
nutrition. At a molecular level, the activation of the mTORC1
pathway seems to be impaired with age (Rennie, 2009). As the
ER acts as a nutrient sensor and links nutrient sensing to cel-
lular signaling through the unfolded protein response (Mandl
et al., 2009), we recently tested the hypothesis that anabolic resis-
tance can be partially due to disturbance in the ER homeostasis
(Deldicque et al., 2011). In that study, we sought to determine
whether ER stress could induce anabolic resistance in C2C12
muscle cells (Deldicque et al., 2011). Consistent with this hypoth-
esis, low levels of ER stress were sufficient to prevent the activation
of mTORC1 by leucine. The inability to activate mTORC1 was
not due to a lack of leucine transport, but rather to the ER
stress-induced decrease in basal PKB phosphorylation resulting
in PRAS40 hypophosphorylation and inhibition of mTORC1.
In C2C12 muscle cells, ER stress seems to impair mTORC1
rather than vice versa (Ozcan et al., 2008; Kang et al., 2011).
Hyperactivation of mTORC1 by insulin for 6 h or 24 h did not
trigger the unfolded protein response whereas tunicamycin acti-
vated the unfolded protein response before S6K1 phosphorylation
decreased, suggesting that in C2C12 muscle cells the induc-
tion of ER stress precedes the impairment in mTORC1 activity
(Deldicque et al., 2010). Therefore, in the present case, ER stress
is a contributor to the impairment on the mTOR pathway rather
than the consequence. Whether the blunting response of leucine
on the mTORC1 pathway results in a decreased protein synthesis
and finally to a loss of muscle mass in vivo has not been tested yet
but this study in cell cultures has the merit to highlight ER stress
as a potential candidate to the decrease in muscle mass observed
in several conditions such as in ageing (Cuthbertson et al., 2005),
immobilization (Glover et al., 2008); and high-fat feeding/obesity
(Sitnick et al., 2009). Knowing that: (1) ageing is characterized by
a decreased capacity to face ER stress as well as by a loss of muscle
mass and, (2) ER stress impairs the mTORC1 pathway, thereby
favoring anabolic resistance, it is tempting to bring those 2 obser-
vations into the assumption that ER stress contributes to anabolic
resistance leading to sarcopenia. Although each separate assertion
has been documented in the literature, the contribution of ER
stress to anabolic resistance induced-sarcopenia remains purely
hypothetical.
PERSPECTIVES
Further research will be required to confirm the effective involve-
ment of ER stress in anabolic resistance induced-sarcopenia and
to determine the molecular mechanisms linking both events.
Also, the difference between eugeric and pathogeric ageing
(Finch, 1972) should be taken into consideration in future stud-
ies. Pathogeric ageing is probably characterized by a certain level
of ER stress in skeletal muscle due to the increase in factors
known to trigger ER stress such as high lipids concentrations or
increased oxidative stress. Eugeric ageing is not accompanied by
those changes and the probability to induce ER stress in skeletal
muscle is rather small. However, a decrease in chaperones seems
inevitable with ageing, even during eugeric ageing, which reduces
the capacity of the cell to face stressful situations. One could
postulate that pathogeric ageing is characterized by an increased
activation of ER stress and a decreased unfolded protein response
whereas eugeric ageing by a decreased response only. As a result
ER stress in skeletal muscle would be less important in eugeric
ageing than in pathogeric ageing but would still be higher than at
middle age.
In a preventive and/or therapeutic perspective, it would be use-
ful to find out which factors trigger ER stress in skeletal muscle
during ageing to counteract this stress optimally. Another strategy
would be to anticipate or to restore the loss of unfolded protein
response components with age. In this perspective, exercise could
be a useful tool as it increases the expression of several chaperones
and thereby could reduce the level of ER stress. This hypothesis
has not been tested yet but it could be a new mechanism behind
the beneficial effects of exercise in the elderly not only for the
preservation of muscle mass but also for the regulation of whole
body metabolism.
CONCLUSIONS
The number of publications dealing with ER stress and its down-
stream signaling, the unfolded protein response, has increased
exponentially these last years, underlying the importance of this
cellular stress in many different tissues and several pathologies. In
the present report, a novel role for ER stress is proposed, namely a
contribution to the well-known anabolic resistance-induced sar-
copenia. In addition to stimulating apoptosis, it is suggested that
ER stress negatively regulates protein balance by inhibiting the
mTORC1 pathway, and thereby contribute to the loss of muscle
mass with age.
ACKNOWLEDGMENTS
The author would like to thank Marc Francaux, Keith Baar, and
Tijs Vandoorne for their intellectual input to this paper.
Frontiers in Physiology | Striated Muscle Physiology September 2013 | Volume 4 | Article 236 | 6
Deldicque ER stress and sarcopenia
REFERENCES
Alibegovic, A. C., Sonne, M. P.,
Hojbjerre, L., Bork-Jensen, J.,
Jacobsen, S., Nilsson, E., et al.
(2010). Insulin resistance induced
by physical inactivity is associ-
ated with multiple transcriptional
changes in skeletal muscle in young
men. Am. J. Physiol. Endocrinol.
Metab. 299, E752–E763. doi:
10.1152/ajpendo.00590.2009
Balagopal, P., Rooyackers, O. E., Adey,
D. B., Ades, P. A., and Nair, K. S.
(1997). Effects of aging on in vivo
synthesis of skeletal muscle myosin
heavy-chain and sarcoplasmic pro-
tein in humans. Am. J. Physiol. 273
(4 Pt 1), E790–E800.
Baumgartner, R. N., Koehler, K.
M., Gallagher, D., Romero, L.,
Heymsfield, S. B., Ross, R. R., et al.
(1998). Epidemiology of sarcopenia
among the elderly in New Mexico.
Am. J. Epidemiol. 147, 755–763.
doi: 10.1093/oxfordjournals.aje.
a009520
Breen, L., and Phillips, S. M. (2013).
Interactions between exercise
and nutrition to prevent muscle
waste during ageing. Br. J. Clin.
Pharmacol. 75, 708–715.
Brown, M. K., and Naidoo, N. (2012).
The endoplasmic reticulum stress
response in aging and age-related
diseases. Front. Physiol. 3:263. doi:
10.3389/fphys.2012.00263
Byrd, A. E., Aragon, I. V., and Brewer,
J.W. (2012). MicroRNA-30c-2* lim-
its expression of proadaptive fac-
tor XBP1 in the unfolded protein
response. J. Cell Biol. 196, 689–698.
doi: 10.1083/jcb.201201077
Chakrabarti, A., Chen, A. W., and
Varner, J. D. (2011). A review of
the mammalian unfolded protein
response. Biotechnol. Bioeng. 108,
2777–2793. doi: 10.1002/bit.23282
Chen, Y. M., Zhou, Y., Go, G.,
Marmerstein, J. T., Kikkawa, Y., and
Miner, J. H. (2013). Laminin beta2
gene missense mutation produces
endoplasmic reticulum stress in
podocytes. J. Am. Soc. Nephrol. 24,
1223–1233. doi: 10.1681/ASN.2012
121149
Chitnis, N. S., Pytel, D., Bobrovnikova-
Marjon, E., Pant, D., Zheng, H.,
Maas, N. L., et al. (2012). miR-
211 is a prosurvival microRNA
that regulates chop expression
in a PERK-dependent man-
ner. Mol. Cell 48, 353–364. doi:
10.1016/j.molcel.2012.08.025
Cuthbertson, D., Smith, K., Babraj, J.,
Leese, G., Waddell, T., Atherton,
P., et al. (2005). Anabolic signal-
ing deficits underlie amino acid
resistance of wasting, aging muscle.
FASEB J. 19, 422–424.
Cuthbertson, D. J., Babraj, J., Smith, K.,
Wilkes, E., Fedele, M. J., Esser, K.,
et al. (2006). Anabolic signaling and
protein synthesis in human skeletal
muscle after dynamic shortening or
lengthening exercise. Am. J. Physiol.
Endocrinol. Metab. 290, E731–E738.
doi: 10.1152/ajpendo.00415.2005
Dai, R., Li, J., Liu, Y., Yan, D., Chen, S.,
Duan, C., et al. (2010). miR-221/222
suppression protects against endo-
plasmic reticulum stress-induced
apoptosis via p27(Kip1)- and
MEK/ERK-mediated cell cycle reg-
ulation. Biol. Chem. 391, 791–801.
doi: 10.1515/bc.2010.072
Deldicque, L., Bertrand, L., Patton,
A., Francaux, M., and Baar,
K. (2011). ER stress induces
anabolic resistance in muscle cells
through PKB-induced blockade of
mTORC1. PLoS ONE 6:e20993. doi:
10.1371/journal.pone.0020993
Deldicque, L., Cani, P. D., Delzenne,
N. M., Baar, K., and Francaux,
M. (2013). Endurance training in
mice increases the unfolded pro-
tein response induced by a high-
fat diet. J. Physiol. Biochem. 69,
215–225. doi: 10.1007/s13105-012-
0204-9
Deldicque, L., Cani, P. D., Philp, A.,
Raymackers, J. M., Meakin, P.
J., Ashford, M. L., et al. (2010).
The unfolded protein response
is activated in skeletal muscle by
high-fat feeding: potential role
in the downregulation of protein
synthesis. Am. J. Physiol. Endocrinol.
Metab. 299, E695–E705. doi:
10.1152/ajpendo.00038.2010
Deldicque, L., Hespel, P., and Francaux,
M. (2012). Endoplasmic reticulum
stress in skeletal muscle: origin
and metabolic consequences. Exerc.
Sport Sci. Rev. 40, 43–49. doi:
10.1097/JES.0b013e3182355e8c
Deldicque, L., Van, P. K., Francaux, M.,
and Hespel, P. (2011). The unfolded
protein response in human skele-
tal muscle is not involved in the
onset of glucose tolerance impair-
ment induced by a fat-rich diet. Eur.
J. Appl. Physiol. 111, 1553–1558. doi:
10.1007/s00421-010-1783-1
Erickson, R. R., Dunning, L. M., and
Holtzman, J. L. (2006). The effect
of aging on the chaperone con-
centrations in the hepatic, endo-
plasmic reticulum of male rats: the
possible role of protein misfolding
due to the loss of chaperones in
the decline in physiological func-
tion seen with age. J. Gerontol. A
Biol. Sci. Med. Sci. 61, 435–443. doi:
10.1093/gerona/61.5.435
Finch, C. E. (1972). Enzyme
activities, gene function and
ageing in mammals. (Review).
Exp. Gerontol. 7, 53–67. doi:
10.1016/0531-5565(72)90035-6
Finkel, T., and Holbrook, N. J. (2000).
Oxidants, oxidative stress and the
biology of ageing. Nature 408,
239–247. doi: 10.1038/35041687
Gao, Y., Signore, A. P., Yin, W.,
Cao, G., Yin, X. M., Sun, F.,
et al. (2005). Neuroprotection
against focal ischemic brain
injury by inhibition of c-Jun N-
terminal kinase and attenuation
of the mitochondrial apoptosis-
signaling pathway. J. Cereb. Blood
Flow Metab. 25, 694–712. doi:
10.1038/sj.jcbfm.9600062
Garcia-Ruiz, C., Colell, A., Paris, R.,
and Fernandez-Checa, J. C. (2000).
Direct interaction of GD3 ganglio-
side with mitochondria generates
reactive oxygen species followed by
mitochondrial permeability transi-
tion, cytochrome c release, and
caspase activation. FASEB J. 14,
847–858.
Gething, M. J. (1999). Role and reg-
ulation of the ER chaperone BiP.
Semin. Cell Dev. Biol. 10, 465–472.
doi: 10.1006/scdb.1999.0318
Glover, E. I., Phillips, S. M., Oates,
B. R., Tang, J. E., Tarnopolsky,
M. A., Selby, A., et al. (2008).
Immobilization induces anabolic
resistance in human myofibrillar
protein synthesis with low and
high dose amino acid infusion.
J. Physiol. 586 (Pt 24), 6049–6061.
doi: 10.1113/jphysiol.2008.160333
Gomez, B. P., Riggins, R. B., Shajahan,
A. N., Klimach, U., Wang, A.,
Crawford, A. C., et al. (2007).
Human X-box binding protein-
1 confers both estrogen indepen-
dence and antiestrogen resistance in
breast cancer cell lines. FASEB J.
21, 4013–4027. doi: 10.1096/fj.06-
7990com
Gupta, S., Read, D. E., Deepti, A.,
Cawley, K., Gupta, A., Oommen,
D., et al. (2012). Perk-dependent
repression of miR-106b-25 cluster
is required for ER stress-induced
apoptosis. Cell Death. Dis. 3:e333.
doi: 10.1038/cddis.2012.74
Han, D., Lerner, A. G., Vande, W.
L., Upton, J. P., Xu, W., Hagen,
A., et al. (2009). IRE1alpha kinase
activation modes control alternate
endoribonuclease outputs to deter-
mine divergent cell fates. Cell 138,
562–575. doi: 10.1016/j.cell.2009.
07.017
Heath-Engel, H. M., Chang, N.
C., and Shore, G. C. (2008).
The endoplasmic reticulum in
apoptosis and autophagy: role
of the BCL-2 protein family.
Oncogene 27, 6419–6433. doi:
10.1038/onc.2008.309
Hollien, J., and Weissman, J. S.
(2006). Decay of endoplasmic
reticulum-localized mRNAs
during the unfolded protein
response. Science 313, 104–107. doi:
10.1126/science.1129631
Hu, P., Han, Z., Couvillon, A. D.,
Kaufman, R. J., and Exton, J. H.
(2006). Autocrine tumor necrosis
factor alpha links endoplasmic
reticulum stress to the mem-
brane death receptor pathway
through IRE1alpha-mediated
NF-kappaB activation and down-
regulation of TRAF2 expression.
Mol. Cell Biol. 26, 3071–3084. doi:
10.1128/MCB.26.8.3071-3084.2006
Hussain, S. G., and Ramaiah, K.
V. (2007). Reduced eIF2alpha
phosphorylation and increased
proapoptotic proteins in aging.
Biochem. Biophys. Res. Commun.
355, 365–370. doi: 10.1016/j.bbrc.
2007.01.156
Ikeyama, S., Wang, X. T., Li, J.,
Podlutsky, A., Martindale, J.
L., Kokkonen, G., et al. (2003).
Expression of the pro-apoptotic
gene gadd153/chop is elevated
in liver with aging and sensitizes
cells to oxidant injury. J. Biol.
Chem. 278, 16726–16731. doi:
10.1074/jbc.M300677200
Ikezoe, K., Nakamori, M., Furuya, H.,
Arahata, H., Kanemoto, S., Kimura,
T., et al. (2007). Endoplasmic retic-
ulum stress in myotonic dystrophy
type 1 muscle. Acta Neuropathol.
114, 527–535. doi: 10.1007/s00401-
007-0267-9
Ishida, Y., and Nagata, K. (2009).
Autophagy eliminates a specific
species of misfolded procollagen
and plays a protective role in
cell survival against ER stress.
Autophagy 5, 1217–1219. doi:
10.4161/auto.5.8.10168
Isler, J. A., Skalet, A. H., and Alwine, J.
C. (2005). Human cytomegalovirus
infection activates and regulates
the unfolded protein response.
J. Virol. 79, 6890–6899. doi:
10.1128/JVI.79.11.6890-6899.2005
Janssen, I., and Ross, R. (2005). Linking
age-related changes in skeletal mus-
cle mass and composition with
metabolism and disease. J. Nutr.
Health Aging 9, 408–419.
Janssen, I., Heymsfield, S. B., and Ross,
R. (2002). Low relative skeletal mus-
cle mass (sarcopenia) in older per-
sons is associated with functional
impairment and physical disability.
J. Am. Geriatr. Soc. 50, 889–896. doi:
10.1046/j.1532-5415.2002.50216.x
Kang, Y. J., Lu, M. K., and Guan, K. L.
(2011). The TSC1 and TSC2 tumor
suppressors are required for proper
ER stress response and protect cells
www.frontiersin.org September 2013 | Volume 4 | Article 236 | 7
Deldicque ER stress and sarcopenia
from ER stress-induced apoptosis.
Cell Death. Differ. 18, 133–144. doi:
10.1038/cdd.2010.82
Kaufman, R. J., Scheuner, D., Schroder,
M., Shen, X., Lee, K., Liu, C.
Y., et al. (2002). The unfolded
protein response in nutrient sens-
ing and differentiation. Nat. Rev.
Mol. Cell Biol. 3, 411–421. doi:
10.1038/nrm829
Kim, H. J., Jamart, C., Deldicque,
L., An, G. L., Lee, Y. H., Kim,
C. K., et al. (2011). Endoplasmic
reticulum stress markers and
ubiquitin-proteasome pathway
activity in response to a 200-km
run. Med. Sci. Sports Exerc. 43,
18–25. doi: 10.1249/MSS.0b013e3
181e4c5d1
Kurata, M., Yamazaki, Y., Kanno, Y.,
Ishibashi, S., Takahara, T., Kitagawa,
M., et al. (2011). Anti-apoptotic
function of Xbp1 as an IL-3 sig-
naling molecule in hematopoietic
cells. Cell Death Dis. 2:e118. doi:
10.1038/cddis.2011.1
Logue, S. E., Cleary, P., Saveljeva,
S., and Samali, A. (2013). New
directions in ER stress-induced cell
death. Apoptosis 18, 537–546. doi:
10.1007/s10495-013-0818-6
Malafarina, V., Uriz-Otano, F., Iniesta,
R., and Gil-Guerrero, L. (2012).
Sarcopenia in the elderly: diag-
nosis, physiopathology and treat-
ment. Maturitas 71, 109–114. doi:
10.1016/j.maturitas.2011.11.012
Mandl, J., Meszaros, T., Banhegyi, G.,
Hunyady, L., and Csala, M. (2009).
Endoplasmic reticulum: nutrient
sensor in physiology and pathol-
ogy. Trends Endocrinol. Metab. 20,
194–201. doi: 10.1016/j.tem.2009.
01.003
Maurel, M., and Chevet, E. (2013).
Endoplasmic Reticulum stress sig-
naling: the microRNA connection.
Am. J. Physiol. Cell Physiol. 304,
C1117–C1126. doi: 10.1152/ajpcell.
00061.2013
Meng, S. J., and Yu, L. J. (2010).
Oxidative stress, molecular inflam-
mation and sarcopenia. Int. J.
Mol. Sci. 11, 1509–1526. doi:
10.3390/ijms11041509
Naidoo, N. (2009a). ER and aging-
Protein folding and the ER stress
response. Ageing Res. Rev. 8,
150–159. doi: 10.1016/j.arr.2009.
03.001
Naidoo, N. (2009b). The endoplas-
mic reticulum stress response and
aging. Rev. Neurosci. 20, 23–37. doi:
10.1515/REVNEURO.2009.20.1.23
Naidoo, N., Ferber, M., Master, M.,
Zhu, Y., and Pack, A. I. (2008).
Aging impairs the unfolded pro-
tein response to sleep deprivation
and leads to proapoptotic signaling.
J. Neurosci. 28, 6539–6548. doi:
10.1523/JNEUROSCI.5685-07.2008
Narici, M. V., and Maffulli, N. (2010).
Sarcopenia: characteristics, mecha-
nisms and functional significance.
Br. Med. Bull. 95, 139–159. doi:
10.1093/bmb/ldq008
Nogalska, A., Engel, W. K., McFerrin,
J., Kokame, K., Komano, H., and
Askanas, V. (2006). Homocysteine-
induced endoplasmic reticulum
protein (Herp) is up-regulated in
sporadic inclusion-body myositis
and in endoplasmic reticulum
stress-induced cultured human
muscle fibers. J. Neurochem. 96,
1491–1499. doi: 10.1111/j.1471-
4159.2006.03668.x
Nuss, J. E., Choksi, K. B., DeFord, J. H.,
and Papaconstantinou, J. (2008).
Decreased enzyme activities of
chaperones PDI and BiP in aged
mouse livers. Biochem. Biophys.
Res. Commun. 365, 355–361. doi:
10.1016/j.bbrc.2007.10.194
O’Leary, M. F., Vainshtein, A., Iqbal, S.,
Ostojic, O., and Hood, D. A. (2013).
Adaptive plasticity of autophagic
proteins to denervation in aging
skeletal muscle. Am. J. Physiol.
Cell Physiol. 304, C422–C430. doi:
10.1152/ajpcell.00240.2012
Ogata, T., Machida, S., Oishi, Y.,
Higuchi, M., and Muraoka, I.
(2009). Differential cell death reg-
ulation between adult-unloaded
and aged rat soleus muscle. Mech.
Ageing Dev. 130, 328–336. doi:
10.1016/j.mad.2009.02.001
Ogata, T., Oishi, Y., Higuchi, M., and
Muraoka, I. (2010). Fasting-related
autophagic response in slow-
and fast-twitch skeletal muscle.
Biochem. Biophys. Res. Commun.
394, 136–140. doi: 10.1016/j.bbrc.
2010.02.130
Oyadomari, S., and Mori, M. (2004).
Roles of CHOP/GADD153 in
endoplasmic reticulum stress. Cell
Death Differ. 11, 381–389. doi:
10.1038/sj.cdd.4401373
Ozcan, U., Ozcan, L., Yilmaz, E., Duvel,
K., Sahin, M., Manning, B. D., et al.
(2008). Loss of the tuberous sclero-
sis complex tumor suppressors trig-
gers the unfolded protein response
to regulate insulin signaling and
apoptosis. Mol. Cell 29, 541–551.
doi: 10.1016/j.molcel.2007.12.023
Paz Gavilan, M., Vela, J., Castano, A.,
Ramos, B., Del Rio, J. C., Vitorica, J.,
et al. (2006). Cellular environment
facilitates protein accumulation in
aged rat hippocampus. Neurobiol.
Aging 27, 973–982. doi: 10.1016/j.
neurobiolaging.2005.05.010
Puzianowska-Kuznicka, M., and
Kuznicki, J. (2009). The ER and
ageing II: calcium homeostasis.
Ageing Res. Rev. 8, 160–172. doi:
10.1016/j.arr.2009.05.002
Pyrko, P., Kardosh, A., Liu, Y. T.,
Soriano, N., Xiong, W., Chow, R.
H., et al. (2007). Calcium-activated
endoplasmic reticulum stress as a
major component of tumor cell
death induced by 2,5-dimethyl-
celecoxib, a non-coxib analogue
of celecoxib. Mol. Cancer Ther.
6, 1262–1275. doi: 10.1158/1535-
7163.MCT-06-0629
Rennie, M. J. (2009). Anabolic resis-
tance: the effects of aging, sex-
ual dimorphism, and immobiliza-
tion on human muscle protein
turnover. Appl. Physiol. Nutr. Metab.
34, 377–381. doi: 10.1139/H09-012
Rennie, M. J., Selby, A., Atherton,
P., Smith, K., Kumar, V., Glover,
E. L., et al. (2010). Facts, noise
and wishful thinking: muscle pro-
tein turnover in aging and human
disuse atrophy. Scand. J. Med. Sci.
Sports 20, 5–9. doi: 10.1111/j.1600-
0838.2009.00967.x
Ron, D., and Walter, P. (2007). Signal
integration in the endoplas-
mic reticulum unfolded protein
response. Nat. Rev. Mol. Cell Biol. 8,
519–529. doi: 10.1038/nrm2199
Rosenberg, I. H. (1989). Summary
comments. Am. J. Clin. Nutr. 50,
1231–1233.
Salminen, A., and Kaarniranta, K.
(2010). ER stress and hormetic
regulation of the aging process.
Ageing Res. Rev. 9, 211–217. doi:
10.1016/j.arr.2010.04.003
Salminen, A., Ojala, J., and
Kaarniranta, K. (2011). Apoptosis
and aging: increased resistance
to apoptosis enhances the aging
process. Cell Mol. Life Sci. 68,
1021–1031. doi: 10.1007/s00018-
010-0597-y
Schroder, M., and Kaufman, R. J.
(2005). The mammalian unfolded
protein response. Annu. Rev.
Biochem. 74, 739–789. doi: 10.1146/
annurev.biochem.73.011303.074
134
Sitnick,M., Bodine, S. C., and Rutledge,
J. C. (2009). Chronic high fat feed-
ing attenuates load-induced hyper-
trophy in mice. J. Physiol. 587 (Pt
23), 5753–5765. doi: 10.1113/jphys-
iol.2009.180174
Srinivasan, V., Tatu, U., Mohan, V.,
and Balasubramanyam, M. (2009).
Molecular convergence of hex-
osamine biosynthetic pathway
and ER stress leading to insulin
resistance in L6 skeletal muscle cells.
Mol. Cell Biochem. 328, 217–224.
doi: 10.1007/s11010-009-0092-7
Szegezdi, E., Logue, S. E., Gorman,
A. M., and Samali, A. (2006).
Mediators of endoplasmic
reticulum stress-induced apop-
tosis. EMBO Rep. 7, 880–885. doi:
10.1038/sj.embor.7400779
Tavernarakis, N. (2008). Ageing
and the regulation of pro-
tein synthesis: a balancing act?
Trends Cell Biol. 18, 228–235. doi:
10.1016/j.tcb.2008.02.004
Thornberry, N. A. (1998). Caspases: key
mediators of apoptosis. Chem. Biol.
5, R97–103. doi: 10.1016/S1074-
5521(98)90615-9
Tomassini, B., Malisan, F., Franchi, L.,
Nicolo, C., Calvo, G. B., Saito, T.,
et al. (2004). Calnexin suppresses
GD3 synthase-induced apoptosis.
FASEB J. 18, 1553–1555.
Torres-Gonzalez, E., Bueno, M.,
Tanaka, A., Krug, L. T., Cheng, D.
S., Polosukhin, V. V., et al. (2012).
Role of endoplasmic reticulum
stress in age-related susceptibility
to lung fibrosis. Am. J. Respir.
Cell Mol. Biol. 46, 748–756. doi:
10.1165/rcmb.2011-0224OC
Urano, F., Wang, X., Bertolotti, A.,
Zhang, Y., Chung, P., Harding, H. P.,
et al. (2000). Coupling of stress in
the ER to activation of JNK protein
kinases by transmembrane protein
kinase IRE1. Science 287, 664–666.
doi: 10.1126/science.287.5453.664
Verfaillie, T., Salazar, M., Velasco, G.,
and Agostinis, P. (2010). Linking
ER stress to autophagy: poten-
tial implications for cancer therapy.
Int. J. Cell Biol. 2010:930509. doi:
10.1155/2010/930509
Vernace, V. A., Schmidt-Glenewinkel,
T., and Figueiredo-Pereira, M. E.
(2007). Aging and regulated protein
degradation: who has the UPPer
hand? Aging Cell 6, 599–606. doi:
10.1111/j.1474-9726.2007.00329.x
Volpi, E., and Rasmussen, B. B. (2000).
Nutrition and muscle protein
metabolism in the elderly. Diabetes
Nutr. Metab. 13, 99–107.
Volpi, E., Sheffield-Moore, M.,
Rasmussen, B. B., and Wolfe,
R. R. (2001). Basal muscle amino
acid kinetics and protein synthe-
sis in healthy young and older
men. JAMA 286, 1206–1212. doi:
10.1001/jama.286.10.1206
Walter, P., and Ron, D. (2011). The
unfolded protein response: from
stress pathway to homeostatic regu-
lation. Science 334, 1081–1086. doi:
10.1126/science.1209038
Wang, X. Z., Harding, H. P., Zhang,
Y., Jolicoeur, E. M., Kuroda, M.,
and Ron, D. (1998). Cloning of
mammalian Ire1 reveals diver-
sity in the ER stress responses.
EMBO J. 17, 5708–5717. doi:
10.1093/emboj/17.19.5708
Welle, S., Thornton, C., and Statt,
M. (1995). Myofibrillar protein
Frontiers in Physiology | Striated Muscle Physiology September 2013 | Volume 4 | Article 236 | 8
Deldicque ER stress and sarcopenia
synthesis in young and old human
subjects after three months of
resistance training. Am. J. Physiol.
268(3 Pt 1), E422–E427.
Wilkes, E. A., Selby, A. L., Atherton,
P. J., Patel, R., Rankin, D., Smith,
K., et al. (2009). Blunting of insulin
inhibition of proteolysis in legs
of older subjects may contribute
to age-related sarcopenia. Am. J.
Clin. Nutr. 90, 1343–1350. doi:
10.3945/ajcn.2009.27543
Wu, J., and Kaufman, R. J. (2006). From
acute ER stress to physiological roles
of the Unfolded Protein Response.
Cell Death Differ. 13, 374–384. doi:
10.1038/sj.cdd.4401840
Wu, J., Ruas, J. L., Estall, J. L., Rasbach,
K. A., Choi, J. H., Ye, L., et al.
(2011). The unfolded protein
response mediates adaptation to
exercise in skeletal muscle through
a PGC-1alpha/ATF6alpha com-
plex. Cell Metab. 13, 160–169. doi:
10.1016/j.cmet.2011.01.003
Yang, F., Zhang, L., Wang, F., Wang,
Y., Huo, X. S., Yin, Y. X., et al.
(2011). Modulation of the unfolded
protein response is the core of
microRNA-122-involved sensitivity
to chemotherapy in hepatocellular
carcinoma. Neoplasia 13, 590–600.
Yoshida, H., Matsui, T., Yamamoto, A.,
Okada, T., and Mori, K. (2001).
XBP1 mRNA is induced by ATF6
and spliced by IRE1 in response
to ER stress to produce a highly
active transcription factor. Cell 107,
881–891. doi: 10.1016/S0092-8674
(01)00611-0
Zhang, K., and Kaufman, R. J. (2008a).
From endoplasmic-reticulum
stress to the inflammatory
response. Nature 454, 455–462.
doi: 10.1038/nature07203
Zhang, K., and Kaufman, R. J. (2008b).
Identification and characterization
of endoplasmic reticulum stress-
induced apoptosis in vivo. Methods
Enzymol. 442, 395–419. doi:
10.1016/S0076-6879(08)01420-1
Conflict of Interest Statement: The
author declares that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 15 July 2013; paper pend-
ing published: 11 August 2013; accepted:
13 August 2013; published online: 03
September 2013.
Citation: Deldicque L (2013)
Endoplasmic reticulum stress in human
skeletal muscle: any contribution to
sarcopenia? Front. Physiol. 4:236. doi:
10.3389/fphys.2013.00236
This article was submitted to Striated
Muscle Physiology, a section of the jour-
nal Frontiers in Physiology.
Copyright © 2013 Deldicque. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the orig-
inal author(s) or licensor are cred-
ited and that the original publication
in this journal is cited, in accordance
with accepted academic practice. No
use, distribution or reproduction is per-
mitted which does not comply with
these terms.
www.frontiersin.org September 2013 | Volume 4 | Article 236 | 9
